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Abstract: We construct N = 1 and N = chiral four-dimensional vacua of flux compact- 
ification in Type IIB string theory. These vacua have the common features that they are 
free of tadpole instabilities (both NSNS and RR) even for models with J\f = supersymme- 
try. In addition, the dilaton/complex structure moduli are stabilised and the supergravity 
background metric is warped. We present an example in which the low energy spectrum 
contains the MSSM spectrum with three generations of chiral matter. In the M = models, 
the background fluxes which stabilise the moduli also induce soft supersymmetry break- 
ing terms in the gauge and chiral sectors of the theory, while satisfying the equation of 
motion. We also discuss some phenomenological features of these three generation MSSM 
flux vacua. Our techniques apply to other closed string backgrounds as well and, in fact, 
also allow to find new M = 1 D-brane models which were believed not to exist. Finally, we 
discuss in detail the consistency conditions of these flux compactifications. Cancellation 
of K-theory charges puts additional constraints on the consistency of the models, which 
render some chiral D-brane models in the literature inconsistent. 
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1. Introduction 

Flux compactification [1-5] has proven to be a fruitful arena for addressing simultaneously 
several phenomenological issues surrounding string theory. Among the challenges in string 
phenomenology, moduli stabilization and supersymmetry breaking are perhaps the two 
most pressing ones. Standard string compactifications lead to vacua with many moduli 
which typically remain massless before supersymmetry is broken. An outstanding question 
is therefore how these moduli are lifted. Recently, there have been some attempts to 
stabilise moduli in string theory by considering type IIB compactifications in the presence of 
non-trivial RR and NSNS 3-form fluxes [3,5,6]. Interestingly, depending on how the gauge 
and chiral sectors are embedded, these background fluxes can also induce computable soft 
supersymmetry breaking terms [7-9]. Furthermore, compactification with fluxes provides 
a natural setting for warped solutions to the hierarchy problem [5,10], along the lines of 
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the proposal of [11]. In addition, flux compactifications have also shown to play a crucial 
role in the constructions of metastable de Sitter vacua [12] and inflationary models [13, 14] 
from string theory. 

It is intriguing that all these phenomenologically appealing features are realised in a 
single framework. While this is an interesting scenario, it is important to work out some 
explicit models in which the full gauge and matter content of the Standard Model is em- 
bedded. With the explicit models at hand, we can then examine more quantitatively the 
implications of this scenario to particle phenomenology and cosmology. However, much 
of the discussions on flux vacua so far have focused on relatively simple models which are 
naturally non-chiral. The main goal of the current work is to fill in this gap and construct 
J\f = 1 (as well as M = tadpole-free) supersymmetric global models of flux compactifi- 
cations which admit chiral fermions. This is not as a simple task as it may seem. In fact, 
previous attempts seem to suggest that there is some incompatibility between chirality and 
tadpole cancellations (both NSNS and RR) in flux compactifications [15,16]. However, as 
we shall see, not only can we obtain chiral models in flux compactifications that are free 
of NSNS and RR tadpoles, but some of them are remarkably close to the Minimal Super- 
symmetric Standard Model (MSSM) [17]. Moreover, the non-trivial background fluxes also 
provide a novel way of breaking supersymmetry in a controlled manner. 

This work also has some bearing on the idea of a string landscape [18, 19], often 
discussed in the context of flux vacua [19,20]. An implicit assumption in these statistical 
analysis of the string landscape is that there exist flux vacua whose low energy spectrum 
contains realistic features of the Standard Model. Our results provide a proof of concept 
that such vacua could exist. 

Recently in [17], we constructed the first D = 4 Minkowski vacua of flux compactifi- 
cation which are (i) chiral, (ii) free of NSNS and RR tadpoles, and (iii) N = 1 or N = 
supersymmetric. Moreover, we also presented in [17] the first global model of flux com- 
pactifications whose low energy spectrum contains the MSSM with three families of chiral 
matter. The purpose of this paper is to elaborate the results in [17], discuss the consistency 
conditions for such constructions, and describe phenomenological features of these models. 

A necessary condition for the consistency of these flux vacua is the cancellation of 
RR tadpoles, as obtained from the familiar procedure of factorising one-loop amplitudes. 
However, as pointed out in [21], this is not sufficient to ensure that the models are consistent 
because D-brane charges are classified by K-theory groups, rather than homology groups 
[22]. To be precise, in addition to the homological RR charges, D-branes can also carry 
K-theory charges that are invisible to homology. The inconsistency arising in models with 
uncanceled K-theory charges is in fact more severe than that of models with uncanceled 
NSNS tadpoles because there is no analogue of the Fishler-Susskind mechanism for the 
former. In this paper, we derive the K-theory constraints on these models. These K-theory 
constraints are widely unnoticed in the model building literature because for simple models 
they are automatically satisfied. Nonetheless, these additional constraints are stringent 
enough to render some of the Pati-Salam-like vacua in [23,24] inconsistent, as reflected in 
SU(2) anomalies in these models. We hasten to stress that our models presented in [17] 
satisfy these K-theory constraints and hence are genuinely consistent flux vacua. 



As explained above, the main purpose of this paper is to address the construction 
of chiral semi-realistic flux compactifications, so let us comment on previous work in this 
direction. The first steps towards building chiral flux vacua were given in [15,16], where 
explicit type IIB orientifold constructions involving magnetised D-branes were studied in 
detail. However, when considering actual examples, some obstructions to construct M = 1 
models were found. Part of the task of the present paper is to explain how these diffi- 
culties can be overcomed. Nevertheless, in [16] the first example of an N = chiral flux 
compactification free of RR and NSNS tadpoles was found. This model was based on type 
IIB D3-branes at singularities and, although very interesting by itself, did not allow for the 
presence of flux-induced soft terms in the gauge sector of the theory. A more systematic 
approach to the embedding of the Standard Model in the flux scenario was undertaken 
in [25], where special emphasis was made on the effects of warped throats and the Randall- 
Sundrum hierarchy that can be achieved by such embedding. These chiral constructions 
were again based on local models of D3-branes at singularities, following the bottom-up 
philosophy of [26]. Our approach is in some sense complementary to the one in [25], since 
it is based on an alternative way of obtaining chirality in type IIB string theory. Namely, 
we focus on magnetised D-brane models, much in the spirit of [15, 16]. As we show, this 
approach allows us to achieve fully-fledged D = 4, J\f = 1 chiral flux compactifications, of 
which we give explicit global examples. In addition, it allows for NSNS tadpole-free N = 
chiral models, which show a more general pattern of flux-induced soft terms than that in 
realistic models obtained from D3-branes at singularities. Finally, there have been some 
attempts in building chiral compactifications with fluxes in the framework of (massive) type 
IIA theory [27], leading to N = 1 compactifications with A0IS4 minima. However, these 
constructions are far from realistic, both from the particle physics and the cosmological 
point of view 1 . 

The paper is organised as follows. In Section 2, we describe the general strategy used 
to construct string theory vacua containing a chiral D-brane sector in the presence of non- 
trivial RR and NSNS fluxes, and discuss the consistency conditions of such constructions. 
Our setup will be type IIB string theory compactified on a Z2 x Z2 orientifold, containing 03 
and 07-planes and magnetised D-branes [15,16]. There are two choices of Z2 x Z2 orbifolds: 
with or without discrete torsion. We first focus on the case with discrete torsion, which in 
the absence of fluxes, is T-dual to closed string background in [39,40]. In Section 3, we 
describe a local MSSM model in the magnetised D-brane setup which is T-dual to the local 
construction in [28]. We also discuss some phenomenological features of this construction. 
In Section 4, we embed this local MSSM-like model in a global flux compactification, 
obtaining M = 1 and N = chiral tadpole-free models. In Section 5, we turn to the case 
without discrete torsion, and construct the first supersymmetric D-brane models of this 
closed string background, which were believed not to exist [29]. We also show that this 
background admits M = 1 flux vacua. We end with some final comments in Section 6. 
We relegate the details on the computation of the moduli space of N = flux vacua to 
Appendix A. 



x We thank Bobby Acharya and Frederik Denef for discussion on this point. 



2. Magnetised D-branes and fluxes 



In this section we review the basic results needed for building our MSSM-like flux com- 
pactifications. In particular, we describe configurations of type IIB magnetised D-branes in 
toroidal Z2 x Z2 orientifold backgrounds, with and without the presence of 3-form fluxes. 
The results that we present here have been derived in [15, 16], to where we refer the reader 
for more detailed discussions. In particular, both choices of a Z2 X Z2 orbifold action with 
or without discrete torsion were discussed in [15]. In the following we will focus on con- 
structions which involve a T 6 /(Z2 X Z2) orbifold background with discrete torsion. 2 This 
case has been thoroughly studied in [16], whose notations and conventions we will follow. 
Our techniques can, nevertheless, be easily modified to the case without discrete torsion, 
as we show in Section [|. 

2.1 A Z 2 x Z 2 orientifold 

Let us first consider type IIB string theory in a closed string background given by a 
T 6 /(Z 2 x Z 2 ) orbifold. Here T 6 = T 2 x T 2 x T 2 and the Z 2 x Z 2 generators act as 

■ (z 1 ,z 2 ,z 3 ) ^ (- Zl ,-z 2 ,z 3 ) 

(2.1) 

oj : (zi, z 2 , z 3 ) i-> (zi, -z 2 , -z 3 ) 

where zi is the complex coordinate parametrising the i th T 2 . 

Upon compactification, the massless content of the theory is given by a D = 4, N = 2 
supergravity multiplet, the dilaton hypermultiplet, /in hypermultiplets and h 2 \ vector 
multiplets. The Hodge numbers (/in,/i2i) of such background can be read as follows. On 
the one hand, the action (|2.1| ) projects out several components of the metric of a general T 6 
geometry and, as a result, we are left with fewer Kahler and complex structure parameters. 
These are encoded in the contribution of the untwisted modes of the theory to the Hodge 
numbers, as (/in, h 2 i) unt = (3,3). On the other hand, each of the three elements 6, to and 
9oj has a fixed-point set given by 16 T 2 's, and the corresponding twisted sectors do also 
contribute to the Hodge numbers of the orbifold. For a particular choice of discrete torsion, 
this contribution is given by (/in, /i2i)tw = (0,3 x 16). The contributions from both the 
untwisted and twisted sectors hence add up to (/M.1,/121) = (3,51). 

As shown in [5], in order to achieve J\f = 1 flux compactifications, it proves important 
to consider a type IIB background involving orientifold planes. These can be easily included 
in the above orbifold geometry by performing an additional modding by WZ, where is 
the usual world-sheet parity and 7Z : Z{ —z^. This introduces 64 03-planes, each one 
on a fixed point of 1Z, and 4 07j-planes located at the Z2 fixed points of the the i th 
T 2 , i = 1,2,3, and wrapping the other two-tori. This orientifold modding projects the 
above J\f = 2 spectrum to an M = 1 gravity multiplet, the dilaton chiral multiplet, and 6 
untwisted + 48 twisted geometrical chiral multiplets. 

2 The nomenclature regarding orbifolds with/without discrete torsion in the literature is somewhat con- 
fusing. In our conventions, a T 6 /(Z2 x Z2) orbifold background with discrete torsion possesses the Hodge 
numbers (/iii,/j2i) = (3,51), whereas the cohomology of the one without discrete torsion is given by 
{hu,h 2 i) = (51,3). 



2.2 with fluxes 



The above orientifold geometry can be generalised to a more involved type IIB closed 
string background. Indeed, to the above compactification we could think of adding a 
discrete internal B-field [30] or NSNS and RR field strength fluxes. In this paper we 
will be mainly interested in the second possibility. Indeed, type IIB compactifications on 
Calabi-Yau threefolds M.& with non-trivial 3-from field strength backgrounds have been 
extensively studied in the literature [2-6,15,16,31-35], providing interesting examples of 
moduli stabilization [3,5,6,34] and soft supersymmetry breaking [7-9]. One of the main 
goals of this paper is to provide examples where both phenomena occur at the same time 
and in a controlled manner. 

Given type IIB string theory compactified on a Calabi-Yau threefold M.q, it is possible 
to introduce both RR and NSNS 3-form field strength backgrounds F3 and #3. The results 
in [5] provide, in a quite general setup, the conditions that the fluxes must satisfy in order 
to yield consistent D = 4 Minkowski compactifications. In particular, they must obey the 
Bianchi identities 

dF 3 = dH 3 = (2.2) 

and must be properly quantised over any 3-cycle S C hence defining an integer 

cohomology class in H 3 (Mq,Z). These conditions simplify considerably if one considers 
Mq to be a toroidal orbifold T 6 /T, and the 3-form fluxes to belong to the untwisted 
cohomology 3 . Indeed, in this case we can simply take F 3 and H 3 to be constant 3-forms, 
while the quantisation conditions amount to 

j^-, f F 3 e N min • Z, — ^— f H 3 € N min • Z (2.3) 
(27r) 2 a' J s (2vr)W J s 

where S is a 3-cycle on the covering space T 6 , and N m - m is an integer number which depends 
on the orbifold group T. 4 In the particular Z2 x Z2 orbifold with discrete torsion we are 
discussing N m [ n = 4. Considering an £11Z orientifold of this background implies that we 
have an additional Z2 subgroup acting on T 6 , and hence the previous number N m i n is 
effectively 5 multiplied by 2. Hence, at the end of the day, we must impose that the fluxes 
F 3 , H 3 are quantised in multiples of 8 over toroidal cycles. 

In type IIB supergravity language, these 3-form fluxes are more elegantly encoded in 
the complexified 3-form flux 

G 3 = F 3 - tH 3 (2.4) 



3 One may in principle turn on fluxes on the orbifold twisted 3-cycles. See, e.g. the example in [15]. 
The supergravity approximation where most of the flux compactification physics is based on, however, is 
no longer reliable in this case. 

4 Roughly speaking, jV m i n can be computed from dividing the volume of a 3-cycle on M.§ by its corre- 
sponding fractional cycle on Mq/Y. See [15] for a more detailed discussion on this point. 

5 The whole truth is a little more subtle [31]. We may either have that the flux quanta along the cycle 
£ are of the form (2n + l)iV m i n or 2niV m i n , with n G Z, depending on the fact that S passes over an odd 
or even number of OS*-" 1 "'" 1 "). In the Z2 x Z2 orientifold at hand there are no such exotic 03-planes, and so 
we can take N°t = 2iV° r > i . 
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where r = a + i/g s is the usual axion-dilaton coupling. By looking at the supergravity 
action it is easy to see that these fluxes both gravitate and couple to the C\ RR potential, 
hence carrying both D3-brane charge and tension. In D3-brane units, the RR charge is 
given by 

Naa * = war L HsAF3 = L 6 %nT^ (2 - 5) 



which is a topological quantity that, if we impose conditions (2.3), is an integer number 
proportional to (iV m j n ) 2 . The D3-brane tension is, on the other hand, given by 

T*~ = -7Thv[ ^^>|AW| (2.6) 
(47r 2 a') 2 J m 6 2Imr 

which is not topological but depends on the geometry of the compactification. More pre- 
cisely, it depends on the dilaton and complex structure moduli of Mq and, as a matter of 
fact, the quantity V e g = Tg ux — |iV flux | can be thought of an effective potential for those 
moduli [6]. The minimum of such potential is reached when the BPS-like bound in fl2.C| ) 
is saturated, which amounts to imposing the ISD (*6G3 = iGs) or IASD (*qGs = —1G3) 
conditions. Attaining such conditions drives the dilaton/complex structure moduli to a 
particular value, 'lifting' those compactification moduli [3,5]. Prom ( |2.5| ) and ( |2,6D is easy 
to see that an ISD flux carries the charge and tension of |iVfl ux | D3-branes, whereas an 
IASD flux would carry those of |iVfl ux | anti-D3-branes. In the Z2 X Z2 orientifold we are 
discussing, however, introducing D3-branes/IASD fluxes would lead to models with bro- 
ken supersymmetry and uncanceled NSNS tadpoles, which make it difficult to solve the 
supergravity equations of motion, create run-away potentials for some moduli and typi- 
cally break D = 4 Poincare invariance [36]. We will thus restrict to models containing ISD 
3- form fluxes, much in the spirit of [5]. 

An interesting point of flux compactifications is that, although any ISD flux carries 
the tension and charge of a D3-brane, not any ISD flux will preserve the same amount 
of supersymmetry that a D3-brane would do. Indeed, in a generic CY3 compactification, 
where the holonomy of A4q is contained in SU(3) but not a proper subgroup of it, there 
is a unique covariantly constant spinor and hence a preferred complex structure. We can 
decompose the 3-form flux G3 in terms of the Hodge cohomology according to such complex 
structure, finding that if G3 is an ISD flux it must consist of (2,1) and (0,3)-forms. By 
the results of [37], one finds that only those ISD fluxes which consist of (2,1) components 
do preserve jV = 1 supersymmetry 6 . Indeed, an ISD G3 flux with a non- vanishing (0,3) 
component would break an M = 1 compactification down to M = 0, giving a mass to the 
gravitino of the form 

™l/2 - ' J ° , J s5 - (2-7) 



The cosmological constant of the compactification, however, remains zero (to lowest order) 
due to the no-scale structure of the scalar potential V e g [5] . 

6 The precise result states that G3 must be a (2,1) primitive flux in order to preserve A/" = 1. The condition 
of primitivity is nevertheless automatically satisfied by any 3-form in a generic CY3 compactification. For 
generalisations of this result see [38]. 



It is important to notice that, due to the backreaction of the flux and other objects such 
as D-branes and O-planes, the Mq compactification metric is not actually Calabi-Yau, but 
rather conformally equivalent to it. The difference comes from a non-trivial warp factor, 
which only depends on the internal components of M.6 and hence preserves D = 4 Poincare 
invariance [3,5]. In the above discussion we have neglected this warping, although the 
qualitative features we have described remain valid when we include its effects. On the other 
hand, such warped geometries have been considered as a natural way to generate hierarchies 
in string theory constructions, realising the Randall-Sundrum scenario [5], as well as a 
necessary ingredient in the recent proposal for constructing de Sitter string vacua [12]. 

2.3 and magnetised D-branes 

As usual, a closed string background with orientifold planes generates a non-trivial con- 
tribution to the Klein bottle string amplitude, and hence crosscap tadpoles. These can 
be cancelled by introducing an open string sector in the theory. In the case at hand, this 
open string sector will consist of type IIB D(3 + 2n)-branes, filling up D = 4 Minkowski 
space and wrapping 2n-cycles on the compact manifold. In the following we will describe 
the consistency conditions that such D-branc models must satisfy in order to yield J\f = 1 
chiral compactifications, as well as the properties of the latter. 

First, let us point out that, if we forget about fluxes, many M = 1 models of the 
above kind have already been built in the literature. Indeed, when no 3-form fluxes are 
turned on, this Z 2 x Z 2 orientifold background is related by T-duality to the M = 1 
constructions in [39,40]. More precisely, the T-dual of the Type I vacua in [39] would be 
achieved by adding 32 D3-branes and 32 D7j-branes of each kind, whereas the analogue 
of the intersecting D-brane constructions in [40] corresponds to introducing D9, D7 and 
D3-branes with magnetic fluxes. This last construction is particularly interesting, since it 
allows for D = 4, N = 1 chiral compactifications, chirality arising from open strings [41,42]. 

Let us describe in some detail these magnetised D-brane models. The topological 
information of a set a of D9-branes is encoded in seven integer numbers. The number of 
D9-branes N a , and the six 'magnetic numbers' (n l a , m l a ), i = 1, 2, 3. Here m l a is the number 
of times the D9's are wrapped on the i th T 2 , and n l a the unit of magnetic flux on such 
two-torus 7 . More precisely, we are turning on a constant Abelian world- volume magnetic 
field F = dA, satisfying 



This notation also allows us to describe D-branes of lower dimension [16], so that we have 




(2.8) 



£>7i - N c 



D9 N a 



a 



(T 2 )i (T 2 ) 2 (T 2 ) 3 

(nl,m 2 a ) (n 3 a ,m 3 a ) 
(1,0) (n 2 ,m 2 ) (n 3 a ,m 3 a ) 



(2.9) 



D5i-JV K,ml) (1,0) (1,0) 
D3 N a (1,0) (1,0) (1,0) 



7 For each fixed value of a and i, n l a , m l a are assumed to be coprime numbers. 



where D5j stands for a D5-brane wrapping the i th two-torus (T 2 ); and D7j a D7-b rane not 
wrapping (T 2 )j. This description also shows that the presence of a worldvolume magnetic 
flux on a D-brane induces D-brane charge of lower dimension [43]. For instance, a D9-brane 
with magnetic flux will usually have also charges of D7, D5 and D3-brane. This fact is 
quite relevant when satisfying RR tadpoles conditions [44,45], and will prove essential for 
finding J\f = 1 flux compactifications in this setup. In general, this topological information 
is encoded in a charge class [Q a ], which describes the full set of RR charges of the D-brane 
sector a. 

Now, since we are in an orientifold theory, the whole configuration must be invariant 
under the Z 2 x Z 2 x WZ orientifold group. This means that the stack a of N a D-branes is 
either invariant under such geometrical action or is accompanied by its orientifold images. 
In particular, the orientifold group has a natural action on the magnetic numbers (n a , m a ), 
given by 

Z 2 x Z 2 : (<,m l a ) ^ K,m ? j 
Ml : (<,r<) ^ (nl-mi) 

Notice that, even if the Z 2 x Z 2 orbifold group acts trivially on the topological magnetic 
numbers, this does not necessarily means that the stack a is invariant under it. This will 
depend on the moduli of the configuration, namely the positions and Wilson lines of each 
D-brane sector. The QTZ image of the D-brane stack a, which usually has different magnetic 
numbers, is denoted by a'. 

Finally, it is useful to describe the orientifold plane content of the theory in terms of 
magnetic numbers. Indeed, we can express the set of 03-planes and D7j-planes in terms 
of their RR charges, properly normalised in D-brane units. From this we recover that the 
total orientifold charge is given by —32 times the charge class 

[Qo] = [(1,0) (1,0) (1,0)] + [(1,0) (0,1) (0,-1)] 

+ [(0,1) (1,0) (0,-1)] + [(0,1) (0,-1) (1,0)]. (2.11) 

The topological magnetic numbers also allows us to compute the chiral spectrum of 
the theory in a simple way. Let us momentarily forget about the orientifolded geometry. 
A stack of N a D-branes on T 6 would give rise, after dimensional reduction to D = 4, a 
U(N a ) gauge group from the aa sector, i.e., from open strings with both ends on the same 
stack a. A pair of stacks a and b would then yield the gauge group U(N a ) x U(Nb), as well 
as I a b chiral fermions charged in the bifundamental representation (N a ,Nb), where 

3 

lab = [Qa] ■ [Qb] = [J K< ~ «) (2-12) 

i=l 

is the intersection product of charge classes 8 . An explicit field theory derivation of this 
fact has been given in [46]. 

This general picture also works in the orientifold case, which nevertheless adds some 
new features. Just as in [40], we will mainly build our models from D-branes which are 

8 Recall that in general I a b G Z, and that positive and negative intersection products correspond to 
fermions of opposite chirality. 



fixed by some element of the Z2 X Z2 orbifold group . If the magnetic numbers are not 
fixed by the QJZ action, we will still have a unitary gauge group. The orbifold action 
will nevertheless project the initial U{N a ) Chan-Paton gauge group down to U(N a /2). 
In addition to this N = 1 vector multiplet, the massless aa sector will consist of three 
chiral multiplets transforming in the adjoint representation, which can be understood as 
the open string moduli (positions and/or Wilson lines) of the stack a of D-branes. This 
and the chiral spectrum arising from other sectors are summarised in table |l|. 



Sector 


Representation 


aa 


U(N a /2) vector multiplet 
3 Adj. chiral multiplets 


ab + ba 


I a b (□a,D&) chiral multiplets 


ab' + b'a 


I a b' (n a ,Ob) chiral multiplets 


aa' + a' a 


\{Iaa' — 4^a,o) chiral multiplets 
\{Iaa' + 4/ a ,o) B chiral multiplets 



Table 1: Massless spectrum for M — 1 magnetised D-branes in the T 6 /(Z2 x Z2) Q1Z orientifold. 
I a _o stands for the intersection product between [Q a ] and the orientifold plane charge class [Qo]- 

When [Q a ] is invariant under the QJZ action, which is the case for D3 and D7j-branes 
without magnetic fluxes, the gauge group will no longer be unitary but symplectic. In 
particular, if we take a stack of 2N a D-branes with QTZ[Q a ] = [Q a ] we will recover a 
U Sp(N a ) gauge group. As in the case of unitary gauge groups, this implies that N a has 
to be an even number. Besides, whenever N a is a multiple of 4, we can Higgs this gauge 
group as USp(4n) — > U(l) n [39,40]. The corresponding spectrum is presented in Table |2[ 



Sector 


Representation 


aa 


USp(N a ) vector multiplet 
3 [] chiral multiplets 


ab + ba 


I a b (□<!,□&) chiral multiplets 



Table 2: Massless spectrum for D-branes invariant under the orientifold action (i.e., f27?.[Q a ] = 
[Q a ])- Notice that now ab and b'a sectors are identified. 

Given this gauge group and chiral spectrum, one may consider building semi-realistic 
chiral models close to the Standard Model or any extension of it. There are, however, a set 
of consistency conditions which any string compactification must satisfy, known as tadpole 
cancellation conditions. First, cancellation of RR tadpoles implies that the homological 



This fact is indeed necessary in order to get a odd number of generations. 



RR charges of the D-branes and the O-planes cancel, that is 



^N a ([Q a ] + [Q a ,}) = 32[Qo] (2.13) 



a 



which can be reexpressed as 

Ea^W = 16, 
£ Q N a m l a m 2 a nl = -16, 

^ i o o (2.14) 

Ea N a mln 2 a ml = -16, 1 7 

Z a N a nimlml = -16. 

where we are not summing over orientifold images. These conditions are directly related 
to cancellation of D = 4 chiral anomalies arising in triangular diagrams, such as SU (N) s 
and £7(1) anomalies. 

There is, however, a subtle issue regarding RR tadpole cancellation, which was pointed 
out in [16] but is usually ignored in the model-building literature. In presence of orientifold 
planes, D-branes may carry discrete charges which are invisible from the point of view 
of one-loop divergences and the supergravity Bianchi identities, but which are classified 
by Z2 K-theory groups [22]. Now, in order to build a consistent string theory model any 
RR D-brane charge in our compact space must vanish, including these exotic K-theory 
charges. Cancellation of discrete K-theory charges will in general impose extra consistency 
constraints, in addition to the familiar RR tadpole conditions based on homological charges 
and which in our case are given by (pUP- Notice that these new K-theory constraints do not 
have any effect on, e.g., D = 4 SU (iV) 3 chiral anomalies, which already vanish by imposing 



(2.14). Following [21], however, we can see their effect by introducing suitable probes on 
the theory. Indeed, let us consider D3 and D7j-branes without magnetic fluxes, giving 
rise to USp(2) ~ SU(2) gauge groups. Although free of cubic anomalies, an 577(2) group 
suffers from a global gauge anomaly if there is an odd number of D = 4 fermions charged 
in the fundamental representation [47]. In the present context, requiring the absence of 
such global anomalies amounts to imposing the constraints 10 

E« Namlmlml E 4Z, 
Ea N <*«rn? a e 4Z, 

E Q Nanlmlnl € 4Z, (2 " 15) 
Ea N *<« G 4Z. 



Notice that these are indeed Z2 charge constraints, since N a are already even integers. In 
K-theory language, we are imposing the global cancellation of Z2 RR charges, carried by 
fractional 775, — D5i and D9 — 779 pairs. 

10 These constraints are only valid for Z2 x Z2 orientifolds without discrete B-field. In the presence of a 
non- vanishing B-field they usually weaken. See [48], Appendix B, for a detailed study of these K-theory 
constraints, with and without B-field, in the case of toroidal orientifolds. 



Second, we would like to construct models free of NSNS tadpoles, that is, such that 
the tensions of the objects in the configuration do also cancel. In a magnetised D-brane 
configuration with vanishing RR tadpoles, this can be achieved by requiring that every set 
of D-branes preserves the same ]\f = 1 supersymmetry unbroken by the orientifold. This 
usually implies a condition on the Kahler parameters, which in the present context reads 11 

-0, (2.16) 

where A% is the area of (T 2 )j in a 1 units. A small deviation from this condition can be 
understood as a non- vanishing Fl-term in the D = 4 effective theory [40,49]. 

2.4 yielding M = 1 and J\f = chiral compactifications 

In the presence of RR and NSNS fluxes, magnetised D-brane configurations may yield new 
and interesting phenomena. First, as usual from flux compactification, the scalar potential 
fixes most of the dilaton/complex structure moduli. Second, since the flux carries charge 
and tension of D3-brane, the RR and NSNS tadpole conditions get modified. In the Z 2 X Z 2 
orientifold discussed above, the most general form of an (untwisted) ISD flux is given by 12 

G3 = Gj 2 3 dzidz2<iz3 + G 123 dzxdzidz^ + G 12 g dz\dz?,d~zz + G123 dzidz2dz3- (2.17) 

The D3-brane RR charge carried by this flux is given by (^1]) which can be written as 

AW = 4 5s Imr 1 Imr 2 ImT 3 (|G l23 | 2 + |G 123 | 2 + |G 123 f + |G l23 f) (2.18) 

where 73 is the complex structure modulus of (T 2 )j, usually fixed by the ISD condition. 
This modifies the RR tadpole conditions ( 2.14j ), whose first line now reads 



N a n\r? a nl + ^iV flux = 16, (2.19) 



while the rest of the tadpole conditions in ( 2.14 ) and ( 2.15| ) remain unchanged. 



Thirdly, ISD fluxes may lead to M = models with softly broken supersymmetry and 
free of NSNS tadpoles. Indeed, it has been recently realised [8,9] that a non- vanishing (0, 3) 
component of G3 not only does give mass to the gravitino, but also induces soft terms in 
the worldvolume of D7-branes implying, e.g., a non- vanishing mass for the gauginos and 
the scalar fields in the adjoint. The same effect occurs in D3-D7 and D7-D7 chiral sectors, 
where the scalar components of the chiral multiplets would also get a mass. These effects 
imply that ISD fluxes not only stabilise closed string moduli, but can also give masses to 
open string moduli, in agreement with the results in [50,51]. In addition, we learn that, 
in the presence of a non-vanishing Gj 2 g flux component, the M = 1 spectrum of table |l| is 
softly broken to an M = chiral spectrum. Moreover, the soft term structure derived from 
flux compactification turns out to be particularly simple, which has suggested interesting 
solutions to several problems associated with soft SUSY breaking patterns [52]. 

lr This formula is actually only valid for the case n l a > 0. See below for some other important cases. 
12 For the sake of clarity, we are dropping the (47r 2 «') _1 normalisation factor in the definition of the flux. 



Finally, let us also mention that many other subtle issues, mainly associated with D- 
branes in the presence of a NSNS flux H3 do also appear in this class of compactifications. 
For instance, the presence of 3-form fluxes modifies the usual anomaly cancellation pattern 
[53], and brane-bulk mixed anomalies could in principle appear [54]. In addition, the 
presence of a non- vanishing H3 modifies the K-theory group of the theory [22] . This may 
lead, e.g., to instanton processes violating homological D-brane charge [55]. These issues 
were analysed in [16] with the outcome that, at least in this particular class of constructions, 
they do not affect either the chiral spectrum of tables |] and || or the consistency conditions 
(|2TT4|) and (EDp, except for 



3. A local MSSM-like model 



In the last few years, it has been shown that string theory constructions based on intersect- 
ing D-branes could lead to new chiral D = 4 compactifications with semi-realistic spectra 
and many phenomenologically appealing features [45,56-59]. In particular, in [28,60] a 
local intersecting D6-brane model, with the gauge group and N = 1 chiral spectrum of the 
MSSM, was presented. The construction was based on a simple T 6 orientifold background, 
which, due to its limitations, forbids any M = 1 chiral construction [56]. 13 One of the 
purposes of this paper is to embed this local MSSM-like construction in a fully-hedged 
J\f = 1 string compactification, which moreover shares the nice and simple properties of 
the toroidal construction. 14 As we will see, the Z2 x Z2 magnetised D-brane setup allows 
for such an embedding and, moreover, does also admit the presence of ISD fluxes. 

Let us first review the features of this 
local construction. In absence of 3-form 
fluxes, the D-brane content of the MSSM- 
like model in [28] can be translated to 
magnetised D-brane model by simple T- 
duality, and then embedded into a Z2 X Z2 
geometry. The result is shown in table [31. 
The D-brane content of this model con- 
sist of four stacks of D7-branes. More 
precisely, we consider two stacks of D72 
and D73-branes without magnetic fluxes, 
giving rise to an SU(2) x SU{2) gauge group via the spectrum of table |2| and the identi- 
fication USp(2) ~ SU(2). In addition, we have two stacks of D7i-branes with non-trivial 
magnetic fluxes, yielding a U(3) x U(l) gauge group. The chiral spectrum of this model can 
be easily computed from the intersection products of the D7-branes, given by I ao = Idb = 9 
and I ac = Idc = —g- We thus recover a Left-Right extension of the MSSM gauge group, 

13 As pointed out in [28], the intersecting D-brane structure of this local model in principle allows for an 
M — 1 embedding on a more general background, such as a CY3. This was indeed shown in [61], where 
N = 1 vacua based on Gepner model orientifolds and these intersection numbers were found. 

14 There have been previous attempts in this direction. Unhappily, those models do not satisfy RR tadpole 
conditions (|2.15|), and so cannot be thought of as consistent string theory constructions. 



N a 




(n 2 a ,m 2 a ) 


(n 3 a ,m 3 a ) 


N a = 6 


(1,0) 


(5,1) 


(5,-1) 


N b = 2 


(0,1) 


(1,0) 


(0,-1) 


N c = 2 


(0,1) 


(0,-1) 


(1,0) 


N d = 2 


(1,0) 


(5,1) 


(5,-1) 



Table 3: D-brane magnetic numbers giving rise to 
an SU(3) x SU{2) x SU(2) x U(l) extension of the 
MSSM with g generations of chiral multiplets. 
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HB-L 


(ab) 


Ql 


3(3,2,1) 


1 





1/3 


(ac) 


Qr 


3(3,1,2) 


-1 





-1/3 


(db) 


L l 


3(1,2,1) 





1 


-1 


(dc) 


Lr 


3(1,1,2) 





-1 


1 



Table 4: Left-Right MSSM spectrum and U(l) charges obtained from table [| for the particular 
choice g = 3. The B-L generator is defined as Qb-l = \Qa ~ Qd- 

and with g generations of chiral multiplets. This spectrum is displayed in table |], together 
with their identification with matter fields, for the particular value g = 3. 
Let us point out several interesting features of this construction: 

• It is easy to check that this spectrum is free of cubic chiral anomalies, whereas it 
develops an anomalous U(l) given by U(l) a + U(l) b - Such anomaly is cancelled 
by means of a generalised Green-Schwarz mechanism [45], which in turn gives a 
Stueckelberg mass to the U(l) gauge boson. We are thus left with a gauge symmetry 
group given by just SU(3) x SU(2)l x SU(2)r x U(1)b-l, and where the Baryon and 
Lepton numbers remain as perturbative global symmetries of the effective theory. 

• Notice, as well, that the stacks a and d posses the same magnetic numbers [Q a ] = 
[Qd]. This allows to put them on top of each other, where the enhancement SU(3) x 
U(1)b-l SU(A) occurs. At some particular points of the open string moduli space 
we then recover a full Pati-Salam spectrum. In fact, from particle physics perspective, 
this D-brane local model can be thought of as a Pati-Salam broken to a Left-Right 
symmetric MSSM by means of SU(4:) adjoint Higgsing [28]. The v.e.v.'s of the three 
adjoint fields are given, in the stringy geometrical language, by the relative position 
of the stacks a and d on (T 2 )i, and the relative Wilson lines on (T 2 )2, (T 2 )3. 

• Another characteristic feature of this local model is the Higgs sector, which arises 
between strings stretched between stacks b and c. Notice that the intersection product 
Ibc vanishes, which does not mean that there are no charged particles in the be sector, 
but only that the net chirality is zero. Indeed, this is a well-known feature of the 
MSSM Higgs sector, and in particular of its Left-Right extension. It is easy to adapt 
the computations in [39] to this T-dual picture, and check that be strings provide one 
M = 1 chiral multiplet in the (2,2) representation of SU{2)l x SU{2)r. We hence 
recover the Higgs sector of (the LR extension of) the MSSM, which moreover comes 
equipped with a /x-term. Indeed, the open string tree-level superpotential studied 
in [39] give us the SU(2)i x SU(2)r invariant coupling 

W={(( 1 cc )-(( 1 bb ))-detn (3.1) 

where Q b , C^. c are the complex singlets arising from (T 2 )i and from sectors bb and cc, 
respectively, and H is the 2x2 matrix of the Higgs fields 15 . 
15 In [39] this system is given by a D5iD5j sector, and have the interpretation of D5-brane positions. 



• Finally, the Yukawa couplings between the chiral fields of this model are extremely 
simple and can be elegantly expressed in terms of theta functions. This was explicitly 
computed in [28] and more recently in [46], where techniques for computing Yukawa 
couplings in magnetised D-brane models were developed. Indeed, following these 
references one can diagonalise analytically the chiral matter mass matrix, obtaining 
one massive and two massless generations of quarks and leptons. 



Of course, in order to provide a consistent ]\[ = 1 string construction, we need to 
satisfy both RR and NSNS tadpole cancellation conditions. It is easy to see that the 
M = 1 conditions ( |2.16| ) are satisfied by imposing 

A 2 = A 3 (3.2) 

upon which we recover an Af = 1 spectrum in the chiral sector of the theory. On the other 
hand, while conditions ( 2. 15) ) are satisfied by table ||, this is not the case for RR conditions 
( 2.14 ), for any value of g. This implies that we need to add extra RR and NSNS sources, 
such as more D-branes and 3-form fluxes, in order to construct a fully-fledged tadpole-free 
string compactification. We will perform such completion in the next section, where an 
explicit example will be constructed. Meanwhile, we can think of the D-brane content of 
table I as a MSSM-like block, and study its local properties. 



3.1 From Left-Right to MSSM 

One obvious question to ask if this J\f = 1 Left-Right symmetric model can actually be 
broken to a MSSM spectrum. Unlike its toroidal version [28], in the Z2 x Z2 construction 
SU(2)r cannot be broken down to U{1) by adjoint Higgsing. There is however another 
possibility, more difficult to visualise geometrically but equally valid from the field theory 
viewpoint. This basically amounts to applying the general ideas in [62] to this particular 
example, identifying the non-adjoint, rank reduction, Higgsing with the process of D-brane 
recombination. 

Let us see how this works in some detail. Recall that in the sector dc we have three 
chiral multiplets with the quantum numbers (l,l,2)_i, which are the perfect candidates 
for breaking SU{2)r x U(1)b-l —> U(1)y- This intuition can be checked in the D-brane 
picture. Indeed, giving a v.e.v. to the massless scalars in these multiplets amounts to taking 
a flat direction in the superpotential, which corresponds to the recombination process 

C + d ^ j (33) 
2[Q C ] + 2[Q d ] -> 2[Qj] = 2[Q C + Q d ] v " ' 

Notice that, after this recombination, [Qj] cannot be simply written in terms of the mag- 
netic numbers {(n l ,m l )}f =1 , i.e., is no longer a 'factorisable' D-brane but a BPS bound 
state of two of them [63]. Notice as well that [Qj] 7^ 07£[Qj], so that we recover a U(l)j 
gauge group after this recombination. 
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Although hard to visualise, we can still compute the intersection product between the 
stack j and the other D-branes in the local model. We obtain 



lab = 9 



-9 

-g 



(3.4) 



and Ij t o = 0. By the general rules of the previous section, this translates into the particle 
content of table ||, where we have chosen the particular value g = 3. 



Sector 


Matter fields 


SU(3) x SU(2) L 


Qa 


Qj 


Qy 


(ab) 


Ql 


3(3,2) 


1 





1/6 


(aj) 


Ur 


3(3,1) 


-1 


1 


-2/3 


(aj') 


Dr 


3(3,1) 


-1 


-1 


1/3 


(jb) 


L 


3(1,2) 





1 


-1/2 


Oft 


Er 


3(1,1) 





-2 


1 



Table 5: Chiral MSSM spectrum and U(l) charges obtained from the intersection products (3.4) 
for the particular choice g = 3. The hypercharge generator is defined as Qy = \Qa 



2 Qj- 



Notice that after the recombination (|3.3| ) we are left with just the MSSM gauge group 
SU(3) x SU(2)l x U(1)y- Indeed, as in the LR parent model, there is one extra U(l) 
symmetry which becomes massive after taking into account the D-brane couplings to the 
closed string sector, and we are left with just one Abelian factor, to be identified with 
the hypercharge. The massive U(l) symmetry, which is nothing but the Baryon number, 
remains as a perturbative global symmetry of the effective Lagrangian. 

The particle content of table || is also minimal in its chiral spectrum. Indeed, notice that 
right-handed neutrinos are not present in table ||, and this nicely matches with the fact that 
by the recombination ( |3.3| ) we have broken the U(l) lepton number, which was associated 
with the D-brane stack d, even as a global symmetry of the theory. Indeed, computations 
analogous to those in [62] show that, in field theory language, the recombination ( |3.3[ ) can 
be identified with giving a v.e.v. to the scalar fields in Lr. 16 

One may wonder where does the Higgs sector arise in this MSSM D-brane model. 
Keeping track of the Higgs fields before and after the SU(2)r x U(1)b-l breaking, one 
concludes that the H u and chiral multiplets must arise from the bj sector. This may 
seem puzzling at first sight, since the intersection product Ijb = g only seems to have room 
for g generations of left-handed leptons. There is, however, no contradiction with our 
results, since the topological number 1^ only give us information about the net chirality of 

16 Of course, even if we give a v.e.v. to Lr we may still have massless right-handed neutrinos -/Vr in our 
theory. These may show up as chiral multiplets in the adjoint of U(l)j. That is, we would associate Nr 
as modulinos of the brane j. However, since these chiral fields do not arise from intersection products any 
longer, they are not protected by gauge invariance and once supersymmetry is broken by, e.g., fluxes they 
would generically get a mass. 
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the sector jb. As we already mentioned, the Higgs sector as a whole is non-chiral, and in 
this particular model H u and arise as a massive vector-like pair in the jb sector. The 
mass of this vector like pair, which is nothing but the MSSM //-term, would depend on the 
original LR /i-term as well as the recombination v.e.v. (Lr). 17 

These facts are probably easier to vi- 
sualise in the T-dual picture of intersect- 
ing D6-branes. In this picture the stacks b 
and j are given by two Special Lagrangian 
3-cycles, U b and Uj, of T 6 /(Z 2 x Z 2 ). Al- 
though IT, can be described by a simple 
product of cycles this is not the case for 
Ilj, which is a non-factorisable 3-cycle. 
This implies that the intersection number 
Ijb = [Ilj] ■ [lib] is not necessarily equal to 
the number of intersections #(IIj n II&). 
Indeed, is easy to see that upon a 'soft re- 
combination' ( |3.3[ ) (i.e., with small (Ar)), 
the actual number of intersections will not 
change, i.e., #(n j n n 6 ) = #(n c n n 6 ) + 
#(Jld H Ub) =2 + 5, while the intersec- 
tion number is only Ijb = g. 18 All this 
means that, between Ilj and lib, there are 
g 'topological' intersections, giving rise to 
the chiral multiplets L l , and then two chi- 
ral multiplets of opposite chirality and same wiU not vary Howeverj Hu and Hd will get a mass 
quantum numbers as L\ also localised at term from worldsheet instantons. 
two extra intersections, which give us the 

Higgs fields H u and H^. This vector like pair gets a mass term by worldsheet instantons 
connecting both intersections [62]. This has been schematically illustrated in figure 

In this same spirit, is easy to see that the electroweak symmetry breaking of the MSSM 
down to SU(3) x t/(l)e.m. can also be understood as a D-brane recombination, this time of 
the form b+j — > e. It is easy to check that, after this second D-brane recombination, we are 
left with a gauge group SU(3) x U(l) e , m , and that the intersection products between the 
stacks a and e vanish. We thus recover no net chiral fermion charged under the EW-broken 
MSSM gauge group, which means that all MSSM fermions may have finally obtained a mass 
after both D-brane recombinations. 

Notice that this MSSM-block is extremely simple in many aspects, and particularly 
minimal regarding both gauge groups and chiral matter. However, it still does not provide 
us with just the particle content of the MSSM. Indeed, we have plenty of non-chiral matter, 
like the three massless SU(3) adjoints fields. These and other non-chiral fields are related 
to D-brane positions and Wilson lines, i.e., open string moduli of the model. We then 
find that the particle content beyond the MSSM that we find in this local construction is 
actually nothing but the old moduli problem of supersymmetric string vacua. 

17 Fluxes provide extra sources of /i-term [9], so it would be nice to see how fluxes changes this picture. 

18 In order to simplify our discussion, we are not being totally precise with the terminology. Instead of 
'number of intersections' D 11;,), we should instead talk about the well-defined mathematical notion 

of Floer Homology groups HF'(Ylj,H b ). We will not dwelve on these technical aspects in this paper. 
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Figure 1: Schematic picture of D-brane recombi- 
nation (T-dual magnetised D-branes). After giving 
a v.e.v. to Lr, stacks c and d have recombined into 
a third one j. If the recombination is soft enough, 
the number of chiral fermions at the intersections 



As explained in the previous section, we expect RR and NSNS fluxes to fix most of 
these moduli, even in the case of open strings. We thus turn to the task of embedding this 
local MSSM-like model in a global flux compactification. 



4. Examples 

In this section we finally construct some M = 1 and J\f = tadpole-free 19 chiral flux vacua. 
Given the material presented in previous sections our strategy should be clear by now. 
We consider Type IIB string theory, compactified on T 6 /(Z2 X Z2) with discrete torsion, 
and try to build a D-brane model including RR and NSNS 3-form fluxes and the D-brane 
MSSM block of table ta. In order to be a consistent string theory construction, we should 
satisfy the RR tadpole conditions ( 2.14 ), ( 2. 15| ) and ( [2.19| ). If, in addition, we want to have 



a tadpole-free model then we should also satisfy conditions ( |2.1G| ). 

As we will presently see, the presence of non-trivial fluxes in these tadpole-free con- 
structions implies that we must consider magnetised D9-branes as well. We will first discuss 
the model building possibilities that magnetised D9-branes add, and then give some exam- 
ples which show how the M = 1 and J\f = flux vacua mentioned above can be achieved. 

4.1 Adding fluxes and extra D-branes 

The authors of [15, 16] found a clear obstruction in building M = 1 flux models. The 
D3-brane charge and tension that a non-trivial 3-form flux would carry already overshoots 
the 03-plane negative charges 20 . Indeed, the quantisation conditions ( |2.3| ) with N m i n = 8 
imply that iVfl ux = n ■ 64, n £ N. The D3-brane RR tadpole condition ( |2.19| ) then reads 

N a n l a n 2 a n z a + n ■ 32 = 16, (4.1) 

a 

and one finds that, for n / 0, ^ a -/V^n 1 n^n^ < 0. This in particular means that, if one 
foresees a simple model where we only have D3 and D7-branes with magnetic fluxes, we 
should eventually add anti-D3-branes in order to give a negative contribution to the r.h.s. 
of ( [4. 1| ) and satisfy RR tadpole conditions. These anti-D3-branes would not only break 
supersymmetry but also generate a large NSNS tadpole, and hence the Einstein's equations 
with a D = 4 Poincare invariant metric would never be satisfied. 

In any case, it seems clear that in order to satisfy RR tadpoles with a non-trivial flux 
we must add objects carrying anti-D3-brane charge. While it may seem difficult to do this 
without breaking supersymmetry, it actually turns out to be possible. Indeed, is easy to 
see that magnetised D9-branes may carry either anti-D3-brane or anti-D7j-brane charge, 
while still preserving the N = 1 supersymmetry of the orientifold background. The T-dual 
version of this striking fact was already pointed out in [40], where some explicit models 
with this property were constructed. 

19 In the following, by tadpole- free we mean string models free of both RR and NSNS tadpoles, which is not 
a common feature of M — compactifications. More precisely, in the D — 10 supergravity approximation 
we are satisfying both Bianchi identities and Einstein's equations with afl=4 Poincare invariant vacuum. 

20 This is actually only valid for the Z2 x Z2 orientifold with discrete torsion. An analogue obstruction 
can be found in the case without discrete torsion. See [15] and next section. 



For instance, a D9-brane a with magnetic numbers 

(-n* , to* ) ® {-n 2 a , ml) ® (-n 3 a , m 3 a ) (4.2) 

and with n l al m l a > 0, carries anti-D3-brane charge and D7j-brane charge, i = 1,2,3. The 
same applies to its image under QJZ. For some particular choice of the Kahler parameters Ai 
both preserve the same supersymmetry as the orientifold background. For this particular 
case the J\f = 1 condition reads 



s>-(=£) 



On the other hand, an anti-D9-brane (3 with numbers 



vr. (4.3) 

(nj, mj) ® (nj, mj|) ® (n|, -rog) (4.4) 

will carry D3, D7i and D72-brane charge, while anti-D73-brane charge. The supersymmetry 
conditions for this D-brane are given by ( 2.1C| ). 



Since one of our main concerns in the present paper is to build N = 1 flux vacua, we 
will be mainly dealing with magnetised D9-branes of the kind ([4.2;), which allows us to 
satisfy the RR constraint Q4.1|) without breaking supersymmetry. 



4.2 to achieve J\[ = 1 and J\f = chiral flux vacua 

Let us now illustrate the above ideas with an explicit example. In table || we present 
a magnetised D-brane model which satisfies the necessary requirements to accommodate 
both the MSSM local model of the previous section and non-trivial 3-form fluxes, while still 
satisfying RR and NSNS tadpole conditions. Indeed, it is easy to check that these magnetic 
numbers satisfy the conditions ( 2.14j ) and ( |2.15| ), by simply imposing g 2 + Nf = 14. Notice 



that this give us an upper bound for the number of generations, namely g < 3. 

The spectrum of this model includes the local Left-Right MSSM of the previous section, 
as well as new gauge and chiral sectors coming from the extra two stacks of magnetised 
D9-branes and the 8Nf D3-branes. More precisely, the gauge group of this model is 

SU(3) x SU(2) x SU(2) x U(1) B -l x [^(1)' x USp(8N f )] , (4.5) 

where U(l)' = [U(l) a + U(l) d ] - 2g [U(l) hl - U(l) h2 ] is the only Abelian factor that, be- 
sides U{\)b-Li survives the generalised Green-Schwarz mechanism. The U Sp(8Nf) gauge 
group will only remain as such when all the D3-branes are placed on top of an orientifold 
singularity. Eventually, by moving them away it can be Higgsed down to U(l) 2N f. Of 
course, the new D-brane sectors will also imply new chiral matter, some of it charged un- 
der the Left-Right MSSM gauge group. We will explain below how to deal with these chiral 
exotics. 

Let us first focus on completing our J\f = 1 embedding. For this we need to cancel 
NSNS tadpoles as well, which amounts to require 

(4.6) 

tan" 1 (A/2) + tan" 1 (A 2 /S) +tan- 1 (^4 3 /4) = vr 
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simultaneously. These two conditions come from ( |2.16| ) and fl4.3|) , respectively, and fix 
the Kahler parameters Ai in terms of the overall volume A1A2A.3. This 'fixing' of moduli 
should not be thought of as a dynamical stabilisation process 21 , as happens, e.g., with 
complex structure moduli in presence of fluxes, but simply a condition imposed by hand. 

When considering fluxes, the first 
RR tadpole condition in ( |2.14| ) gets mod- 
ified to ( 2.19| ). Since flux quantisation 
conditions imply that Nq ux = n ■ 64, 
n € N, this translates into 



9 



N f + An= 14. 



(4.7) 



which has several solutions. Among them 
we find: 



n 



n 



n 



n 



0, 
1, 
2, 
3. 



9 
9 



3, 
3, 
2, 
1, 



N 



N f 
N f 
N f 





K,mi) 




(n 3 a ,ml) 


N a = 6 


(1,0) 


(5,1) 


(5,-1) 


N b = 2 


(0,1) 


(1,0) 


(0,-1) 


N c = 2 


(0,1) 


(0,-1) 


(1,0) 


N d = 2 


(1,0) 


(9 A) 


(9,-1) 


N hl =2 


(-2,1) 


(-3,1) 


(-4,1) 


N h2 = 2 


(-2,1) 


(-4,1) 


(-3,1) 


8N f 


(1,0) 


(1,0) 


(1,0) 



Table 6: D-brane magnetic numbers giving rise to 
an TV = 1 embedding of the MSSM block of table 
||. This D-brane model may also admit TV = 1 or 
TV = fluxes, depending on the values of g and Nf. 



Even if now we include a non-trivial G3 flux, both RR and NSNS tadpoles will be still 
satisfied if we demand (R 



and G3 to be ISD, i.e., of the form (2.17). That is, in some sense 
we can trade D3-branes by a BPS-like ISD flux G3 without affecting tadpole conditions. 
However, the amount of supersymmetry may well vary, since a (0, 3) component of G3 will 
softly break M = 1 to M = 0. 

Let us discuss the above solutions in some detail. The first of them corresponds to a 
3 generation model where any 3-form flux has been turned off. This example is, indeed, 
the first M = 1 embedding of the MSSM local model constructed in [28]. The last of these 
solutions is also very interesting. The quantum of flux A^ ux = 3 • 64 = 192 can be achieved 
by considering the 3-form flux 

8 



G, 



e e {dzidz2dz% + dzidz~2dz% + dzidz2(tz^) 



(4.8) 



which is well quantised at the particular value T\ = T2 = T3 = r = e 2m ^ 3 for the untwisted 
complex structure moduli and the dilaton. These are indeed the values where those fields 
get fixed after the scalar potential generated by G3 is minimised [6,16]. Notice that the 
flux (4.8) is a combination of (2, 1) 3-forms, and hence the closed string background as 
a whole preserves N = 1 supersymmetry [37]. We thus find that, unlike what previous 
attempts may have suggested [15, 16], it is actually possible to find chiral M = 1 string 
theory vacua involving 3-form fluxes and magnetised D-branes. The above is indeed the 
first example of M = 1 chiral type IIB flux compactification, and the first explicit example 
of a D = 4 Minkowski vacuum in string theory where chirality, M = 1 supersymmetry and 
moduli stabilization by means of fluxes happen at the same time. 

21 There is some confusion about this fact in the literature. For a proper discussion of this point see [40]. 
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Actually, the D-brane content of table || not only allows us to find all these interesting 
examples, but also provides us with a very nice example of a more realistic model where 



flux-induced supersymmetry breaking occurs. Indeed, the second solution to (4.7) involves 



a MSSM-like spectrum with 3 generations and A% ux = 64. The latter can be achieved by 

G3 = 2 (dzidz2dzs + dzidz2dz^ + dzidz 2 dz3 + dzidz2dz3)- (4-9) 

A particular value of the moduli where such flux is well quantised is given by t\ = t 2 = 
T3 = t = i. Notice that this give us g s = 1 and the string perturbation theory may seem no 
longer reliable. It turns out, however, that there are also solutions with arbitrarily small 
g s . Indeed, as shown in Appendix the scalar potential derived from the flux (4.9) has 



several flat directions. In particular, it vanishes when one imposes the complex structure 

W 

it, ti £ R 

(4.10) 



moduli and the dilaton to be pure imaginary 

T = i/ds, 



and to satisfy the constraint 



g s tit 2 t3 = 1. (4.11) 



So, in principle, by varying the parameters ti one can consider the string coupling to be 
very close to zero. Of course, a' corrections may modify this picture [64], and lift the flat 
directions left by (4.10), (4.11), dynamically fixing g s . The evaluation of such effects is 



beyond the scope of the present paper. 

4.3 where chiral exotics can be Higgsed away 

As mentioned before, the addition of the D-brane sectors hi, h% and /, which are necessary 
to embed the MSSM local model into a global M = 1 compactification, add new gauge 
groups as well as chiral matter to the low energy spectrum described in the previous section. 
In general, some of this additional chiral matter will be charged under the MSSM gauge 
group, and hence will introduce chiral exotics in our spectrum. Nevertheless, as usual in 
M = 1 theories, we can get rid of most of these exotics by taking appropriate scalar flat 
directions. In the present context, such flat directions can be engineered from the D-brane 
perspective by the process of D-brane recombination. Recall that such process was already 
used in the previous section, in order to break the Left-Right Supersymmetric Standard 
Model down to the MSSM, and then to break electroweak symmetry. 

Let us demonstrate these general ideas with an explicit example. In order to simplify 
our discussion, we will consider the M = 1 three generation model without fluxes, that is, 
the solution n = 0, g = 3, Nf = 5 above. We will also consider that stacks a and d are on 
top of each other and hence we have a Pati-Salam gauge group. This will hardly affect the 
discussion, but will render our expressions more compact. Finally, we will assume that all 
the D3-branes are at the origin, and hence our gauge group includes a U Sp(40) factor. 

The total chiral spectrum of this model is displayed in table 0, including the charges 
of the chiral matter under the only U(l) factor which is massless. This U(l) is given by 
the combination U(l)' = |[/(l) a + 2 [L r (l)/ ll — U(l)h 2 ], and almost all the chiral matter 
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Sector 


Matter 


SU(A) x SU{2) x SU{2) x [USp(AQ)} 


On 


Oh 

^ til 


Oh 


0' 

yog 


v aD J 




"i! A 9 1 "\ 
"Jl 4 ; z ) L ) 


1 
1 


n 
u 


n 
U 




(acj 


£r 


<j( 4 i 1, Z) 


-1 


n 
u 


n 
u 


-1/6 


[be) 


±1 




n 
u 


n 
u 


n 
u 


n 
u 


(ahi) 




6(4,1,1) 


-1 


1 





r /o 

5/3 


(ati 2 ) 




6(4, 1, 1) 


1 





1 


r /g 

-5/3 






B{1, Z, I) 


n 
u 


1 


n 
u 


Z 


{0112) 




fif 1 9 1"! 
0{l, Z, I) 


n 
u 


n 
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i 
i 


9 
-Z 






0{l, 1, 


n 
u 


i 
i 


n 
u 


9 
Z 


{Crl 2 ) 




8/1 1 9"l 
1, Z) 


n 
u 


n 
u 


i 
i 


9 
-Z 


{hih' x ) 




46(1,1,1) 





z 





A 

4 


(h 2 h' 2 ) 




46(1,1,1) 








2 


-4 


(hih' 2 ) 




196(1,1,1) 





1 


1 





(AO 




(1,1,1) x [40] 





-1 





2 


(fh 2 ) 




(1, 1, 1) x [40] 








-1 


-2 



Table 7: Chiral spectrum of the three generation Pati-Salam A/" : 
Abelian generator of the unique massless U(l) is given by Q' — |( 



1 chiral model of table ^. The 
a + 2{Q hl -Q h2 ). 



is charged under it. The two exceptions are the Higgs multiplet and the 196 singlets in 
the h\h' 2 sector of the theory. The latter are of particular interest, since they parametrise 
a subspace of flat directions in the M = 1 effective theory. Indeed, we can give a non- 
vanishing v.e.v. to a particular combination of the scalar fields in the 196 chiral multiplets 
without breaking supersymmetry. In terms of D-brane physics, this is nothing but the 
D9-brane recombination 

hi + h' 2 -> h. (4.12) 

More precisely, it amounts to deforming the gauge bundle on the D9-branes, from a direct 
sum of the Abelian bundles hi and h' 2 to a non-Abelian bundle given by h. As usual, the 
magnetic charges of the new bundle will be given by [Q^] = [Q^J + f272.[Q^ 2 ]. 

Notice that giving a v.e.v. to these singlets only breaks the 11(1)^ + U(l)h 2 gauge 
factor, which was already massive at low energies. Thus, this Higgsing does not affect the 
low energy gauge group, and in particular the Pati-Salam sector. It does, however, have an 
important effect on the chiral spectrum of the theory. Indeed, we can compute the chiral 
spectrum after ( |4.12j ) with the charge vector [Qh] and the topological formulae of table [j], 
finding that the final theory has the extremely simple chiral content of Table ||. As expected 
from field theory arguments, we still have some chiral exotics given by two doublets of 
SU(2)l and two of SU(2)r. Although in principle they are unwanted particles, they will 
become massive after electroweak symmetry breaking, so a very high mass eigenvalue could 
in principle make them unobservable at low energies. The phenomenological viability of 
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this spectrum will then crucially depend on the precise Yukawa couplings of this model. 
We leave these and other phenomenological issues for future work. 



Sector 


Matter 


SU(4) x SU{2) x SU{2) x [USp{40)] 


Qa 


Qh 


Q' 


(ab) 


F L 


3(4,2,1) 


1 





1/3 


(ac) 


Fr 


3(4,1,2) 


-1 





-1/3 


(be) 


H 


(1,2,2) 











(bh) 




2(1,2,1) 





1 


2 


(ch) 




2(1,1,2) 





-1 


-2 



Table 8: TV = 1 spectrum derived from the D-brane content of table || after D-brane recombination. 
There is no chiral matter arising from ah, ah', hh' or charged under USp(A§). The generator of 
U(l)' is now given by Q' = \Q a + 2Q h . 

As an important point, notice that the Pati-Salam sector of the theory (i.e., the upper 
part of the table |J) is not involved in the D-brane recombination process, and hence remains 
as a simple sector of three sets of D7i, D7 2 and D73-branes. In particular, this means that 
the phenomenological analysis performed for the MSSM local model of the previous section 
does also apply to the present global embedding. Finally, notice that all the arguments 
involving D-brane recombination/Higgsing have been performed in the absence of 3- form 
fluxes. Since these fluxes generically lift some of the flat directions of an M = 1 theory, it 
would be interesting to see how they affect this picture. We hope to report on these issues 
in the future. 

5. Extension to other Z 2 x Z 2 orientifolds 

So far, in our quest of building chiral flux vacua, we have only considered a particular 
orientifold background, namely a Z 2 x Z 2 orientifold with discrete torsion. Our techniques, 
however, do also apply to other closed string backgrounds, and the purpose of this section is 
to illustrate this fact. For simplicity, we will consider another Z 2 x Z 2 orientifold of T 6 , but 
this time without discrete torsion. As was analysed in [15], this alternative choice of discrete 
torsion changes some of the orientifold charges and the flux quantisation conditions, so the 
model building rules differ from the Z 2 x Z 2 considered previously. Nevertheless, we again 
manage to find jV = 1 flux vacua in this background. 

Actually, in the absence of fluxes, this background is T-dual to the Z 2 x Z 2 type I models 
discussed in [29]. In this reference several models, based on Z 2 x Z 2 and other backgrounds, 
were constructed. The purpose of these examples was to illustrate the phenomenon of 
'brane supersymmetry breaking' [65]. Roughly speaking, these are constructions where the 
closed string sector of the theory is N = 1 supersymmetric but, due to the RR tadpole 
consistency conditions, there is no naive M = 1 consistent open string sector one can build. 
For instance, in the particular case of the Z 2 x Z 2 orientifold without discrete torsion one 
cannot build a supersymmetric model by considering D-branes without magnetic fluxes, 



as one can do in the case with discrete torsion [39]. However, as we presently show, there 
exist J\f = 1 solutions which involve magnetised D-branes and, moreover, they also admit 
non-trivial fluxes. 

Let us first review the model building rules for magnetised D-branes and 3-form fluxes 
in a T 6 /(Z2 x Z2) orientifold without discrete torsion, following [15]. Most part of the 
discussion parallels the rules of the Z2 x Z2 orientifold with discrete torsion, so let us just 
point out the differences. First, in this alternative background there is at least one class of 
orientifold planes with positive charge and tension. For simplicity, we will choose the 64 
03-planes to be exotic 03^ + ' + ^'s with positive charge and tension, while the 07j-planes, 
i = 1, 2, 3 will have the usual negative charges. This will change the magnetic numbers of 



the orientifold plane content of the theory, which instead of ( 2.11 ) will read 



[Qo] = -[(1,0) (1,0) (1,0)] + [(1,0) (0,1) (0,-1)] 
+ [(0,1) (1,0) (0,-1)] + [(0,1) (0,-1) (1,0)]. 



(5.1) 



EE 



Second, following the strategy in [15] we will consider 'bulk' branes, which come in 
four copies, and not the fractional branes which have been considered so far. This implies 
that from a stack of N a D-branes not fixed by the orientifold action we get a U{N a /4) 
gauge group, and that several factors of 4 appear in the chiral spectrum. This massless 
spectrum has been summarised in table |9[ 



Sector 


Representation 


aa 


U(N a /A) vector multiplet 
3 Adj. chiral multiplets 


ab + ba 


42 a b (□<!)□&) chiral multiplets 


ab' + b'a 


42 a b/ (jJ a ,\Jb) chiral multiplets 


aa' + a' a 


2(2 aa / — 2I a o) U3 chiral multiplets 
2(2 aa / + 22 Qj o) chiral multiplets 



Table 9: Massless spectrum for W = 1 magnetised D-branes in the T 6 /(Z2 x Z2) £IH orientifold 



without discrete torsion. I a o is now computed from the orientifold plane charge class (5.1) 



On the other hand, a stack of N D-branes on top of an O-plane will no longer give 
us a U Sp(N) gauge group. Instead, N a D3-branes on top of a 03( + ' + ) will give us a 
USp(N a /2) 4 gauge group, whereas N a bulk D7j-branes without magnetic fluxes will yield 
a U(N a /2) x U(N a /2) gauge group. We present such spectra in tables 10 and [ll]. 

Third, since the collapsed cycles of the Z2 x Z2 orbifold do not contain any additional 
3-cycles, the integral homology basis of such orbifold, and hence the quantisation conditions 
for the 3-form fluxes, change with respect to the case with discrete torsion [15]. As a result, 
in ( |2.3j ) we must consider N m - m = 4 and hence we can write Nq ux = n ■ 16, n G N for ISD 
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Sector 


Representation 


aa 


USp(N a /2) 4 vector multiplets 
(□,□,1,1) chiral multiplets 


ab + ba 


I a b (da, 1,1,1; □&) chiral multiplets 



Table 10: Massless spectrum for D3-branes invariant under the orientifold action. The underline 
stands for all possible permutations of the representations. 



Sector 


Representation 


aa 


U(N a /2) x U(N a /2) vector multiplets 
(□,□) + (□,□) + (□,□) + (□,□) 

ai) + (B.i) + (ia + (i.B) 

chiral multiplets 


ab + ba 


lab [(da ,!;□&) + (da, !;□>)] chiral multiplets 



Table 11: Massless spectrum for D7i-branes, i = 1,2,3, invariant under the orientifold action. 



fluxes. All this changes the RR tadpole conditions, which in the the present context read 

N a n l a nlnl + -iV flux = -16, (5.2) 



as well as the three lower conditions in ( [2.14 ). In addition, we may consider extra K 



theory constraints, which may be read, e.g., from the global USp(2) anomalies of this 
chiral spectrum. In the present context these are 

J2 N a ml a m l m l e 8Z. (5.3) 

a 

There may be, however, additional K-theory constraints which, since we are considering 
only bulk D-branes, are invisible to the low energy spectrum presented above. Finally, the 
supersymmetry conditions are identical to the case with discrete torsion. 

From condition ( |5.2[ ) it is easy to see that satisfying RR tadpoles implies that some 
D-branes must carry anti-D3-brane charge. 22 This is true even in the absence of fluxes, and 
clearly comes from the fact that we have an 03^ +,+ ^-plane with positive charge and tension. 
As a result, in a D-brane model with only (anti)D3-branes and D7-branes, supersymmetry 
breaking is enforced by RR tadpole conditions. 

Notice that the same kind of situation was found in the previous section, when we 
wanted to include 3-form fluxes in the Z2 x Z2 orientifold with discrete torsion. The same 
kind of strategy for finding J\f = 1 models applies here. Namely, we can consider D9-branes 
of the form ( |4.2| ) which carry anti-D3-brane charge and still preserve M = 1 supersymmetry. 



2 Recall that we are considering ISD fluxes, and hence iVfl ux > 0. 



Indeed, a simple D-brane model showing this fact is given by the magnetic numbers 



16 (-1,1) 



-1,11 



(-1,1) 



(5.4) 



and it is easy to see that it defines an N = 1 vacuum of the theory, provided the choice 
of Kahler parameters such that ^2 i tan~ 1 (Ai) = n. This simple D-brane content yields 
an SU(4) gauge group with three adjoint multiplets and 32 chiral multiplets in the 6 
representation. This is probably the simplest N = 1 vacuum of the present Z2 X Z2 
orientifold, but it is not very appealing from the phenomenological point of view, and 
moreover it does not admit the presence of fluxes. 

An J\f = 1 model allowing fluxes is 
given by the D-brane content shown in 
table [l^. The RR tadpole conditions are 
automatically satisfied except for (|5.2| ), 
which is given by 



N a 


(ni,m£) 


(n 2 a ,m 2 a ) 


(n 3 a ,m 3 a ) 


N h = 8 


(-2,1) 


(-2,1) 


(-2,1) 


8N f 


(1,0) 


(1,0) 


(1,0) 



Nf + n = 6. 



Table 12: D-brane magnetic numbers giving rise 
(5.5) to TV = 1 flux vacua. 



Sector 


SU{2) x USp(4N f ) 4 


(hh) 


3(3; 1,1, 1,1) 


(hh') 


76(3; 1,1, 1,1) + 180(1; 1,1, 1,1), 


(hf) 


(2,4^,1,1,1) 



and hence admits several N = 1 flux vacua. 

The gauge group of this model is given 
by SU(2) x USp(4N f ) 4 , the 17(1) factor 
from the initial U (2) being actually mas- 
sive. The M = 1 spectrum is presented 
in table |l^. This model is clearly not re- 
alistic and, strictly speaking, is not even 
chiral. This probably comes from the fact 
that we are only considering bulk D-branes 
in our construction. A more promising 
approach seems to consider fractional D- 

branes, which moreover have the potential to yield chiral representations in multiplicities 
different than four. In any case, these examples show how our model building techniques 
allow to construct jV = 1 flux vacua in other closed string backgrounds. Hopefully, this 
will open up new avenues in string theory model building. 



Table 13: JV — 1 spectrum derived from the D- 
brane content of table n3. 



6. Conclusions and Outlook 

In this paper we have developed model building techniques for constructing M = 1, D = 4 
chiral vacua of flux compactifications in Type IIB string theory. More precisely, we have 
focused on the magnetised D-brane setup of [15, 16] and we have constructed N = 1 flux 
models for both choices of T 6 /(Z2 x Z2) orientifolds: with or without discrete torsion. We 
have discussed the consistency conditions that such models must satisfy and, in particular, 
derived some additional K-theory constraints on them. These general ideas have been 
illustrated with the explicit construction of N = 1 and J\f = global models, which admit 
both chirality and Poincare invariance. Unlike many other examples in the literature, the 
N = models are free of NSNS tadpoles (to first order) and its associated instabilities. 



The first example of these type of models was recently presented in [17], involving not 
only fluxes, but also a low energy spectrum that contains the MSSM with three generations 
of chiral matter. Part of the purpose of this paper is to elaborate on the construction on 
such model, as well as to describe its phenomenological features. The construction is 
mainly inspired by the intersecting D-brane world scenario and, as such, shares many 
of the interesting features of intersecting D-brane models. In particular, we show how 
the processes of symmetry breaking from a Left-Right model to the MSSM, as well as 
electroweak symmetry breaking, can be nicely realised in this context in terms of D-brane 
recombination. 

In addition, these explicit models provide a good starting point for studying the phe- 
nomenological consequences of D = 4 chiral flux compactifications. For instance, the gen- 
eral pattern of SUSY-breaking soft terms deduced from [8, 9] can be applied to these com- 
pact examples. A preliminary analysis naively suggest a typical scale of order a' / ^Vol{T & ) 
for these terms, which favours an intermediate string scale M s = 10 ll GeV . However, a 
non-trivial, inhomogeneous warp factor may change this situation. It would be interesting 
to see if this is indeed the case. The pattern of soft terms may also depend on the pre- 
cise way in which the remaining moduli are stabilised. 23 We also note that there are two 
sources of the n term in these models: the one described in Section 3 and the contribution 
from the fluxes [9] . It is worth exploring if this fact may have interesting implications for 
electroweak symmetry breaking. 

Furthermore, these models contain the basic ingredients of the recent proposal for con- 
structing de Sitter vacua from string theory [12], so it would be very nice to find examples 
of this scenario which could simultaneously lead to de Sitter geometries and phenomeno- 
logically interesting vacua. Let us point out, however, that since our constructions are 
based on toroidal orbifolds, it is not obvious how, e.g., warped throats can be realised in 
our models. These difficulties could be easily overcomed in Calabi-Yau compactifications 
including magnetised D-branes and fluxes which, in any case, is a natural generalisation of 
our constructions. 

Actually our construction is, a priori, an example of the general class of flux compacti- 
fications studied in [5]. Notice, however, that the key ingredient that allows us to construct 
M = 1 chiral flux vacua is the presence of pairs of D9 — D9-branes in our models, which in 
principle was not considered in [5]. This D9 — D9 system would usually form a non-BPS 
SUSY breaking brane but, due to the presence of magnetic fields in their worldvolume, do 
preserve the same supersymmetries as the orientifold background. In addition, such object 
carries charges of D7-brane and an£i-D3-brane. It would be interesting to understand the 
properties of such D9 — D9 system in a general flux compactification. Moreover, these 
objects carry a discrete Z2 K-theory charge, as we have derived by using the brane probe 
arguments in [21]. Notice that this is a field theory argument, so it would be interesting 
to derive these results directly from first principles. 

The inclusion of magnetised D9 — D9-branes also allows us to construct a new class 
of M = 1 D-brane models, which were actually believed not to exist. These are some 



We thank Kiwoon Choi and Hans-Peter Nilles for emphasising to us this point. 



compactifications with the property of 'brane supersymmetry breaking'. More precisely, 
in some orientifold examples one finds super symmetric closed string vacua where the RR 
tadpole conditions do not allow any naive M = 1 D-brane content. By considering mag- 
netised D9 — D9-branes, we show that such M = 1 vacua do actually exist, at least in a 
particular T 6 /(Z2 x Z2) background T-dual to some models in [29]. It would be interesting 
to see if similar techniques can be applied to obtain new J\f = 1 D-brane models in other 
backgrounds of this kind. 

On a more theoretical side, it would be interesting to investigate the F-theory lift of 
these M = 1 and = compact models, both being chiral examples of the warped metric 
solutions found in [5]. Since our constructions are particularly simple, one can use them to 
explore the non-Kahler geometries involved in their heterotic [3] and type IIA [66] duals. 

Finally, there has also been much discussions recently about the possibility of a string 
landscape, especially in the framework of flux compactification. Our results provide a 
concrete proof of concept that vacua with features of the MSSM can exist in this context. 
However, we note that a lot of the flux vacua (which are included in analysing the statistics) 
do not have the realistic properties of the Standard Model. Therefore, the conclusion one 
would draw from such statistical analysis may be different when one convolves the statistics 
with the criteria of a realistic particle physics spectrum. 

To sum up, we have constructed some examples of string vacua that gather several 
essential ingredients for building a fully realistic string theory model, by combining recent 
insights in flux compactifications and chiral D-brane constructions. The D-brane sector 
introduces a non-Abelian gauge group and chiral matter charged under it, allowing for 
MSSM-like spectra. The 3-form flux background generates a potential for the dilaton and 
complex structure moduli of the compactification, freezing them to some particular value. 
Furthermore, the 3-form flux can also induce soft supersymmetry terms for the gauge and 
chiral sectors of the theory. We find it quite remarkable that all these interesting features 
can be realised in the same string theory construction. Hopefully, these recent developments 
have brought us one step closer to understanding the phenomenology consequences of string 
theory. 
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A. Moduli space of J\f = flux models 



In this appendix we derive the minima of the scalar potential V e tt induced by the 3- form 



flux (4.9). As we will see, this potential does not fix the complex structure moduli and 
complex dilaton completely, but has some flat directions which allow to choose an arbitrarily 
small string coupling constant. We will basically follow the approach used in [6], which we 
will generalise to the case of SUSY-breaking fluxes. 

The G3 flux (t4.9|) can be expressed in terms of their real components F 3 and H 3 as 



H 3 = -8 dyi A dy 2 A dy 3 , F 3 = 8 dxi A dx 2 A dx 3 , (A.l) 

which clearly satisfy 24 A^ ux = 64 and G 3 = F 3 — taH 3 for tj = i, j = 1,2,3,4. Here, in 
order to simplify the notation we are identifying the complex dilaton (r in the main text) 
with the complex modulus T4. These 3- form fluxes create a scalar potential which can be 
derived form the superpotential 



W 



J (F 3 - r 4 H 3 ) Afl = 8(rir 2 r 3 - r 4 ) (A.2) 



In fact, as shown in [5], the scalar potential vanishes if DjW = 0, where j runs over the 
complex structure moduli and the complex dilaton, and Dj is the supergravity covariant 
derivative. In the case of supersymmetric fluxes, where W = at the minima of V e ff, these 
conditions reduce to solving 

djW = (A.3) 
where in the non-supersymmetric case W 7^ they are equivalent to 

dj [e K \W\ 2 ] =0 (A.4) 

where K is the part of the scalar potential that depends on the fields j. In our case these 
fields are ti,T2,t 3 ,T4 and 

K = -In J 8 JJlm-n,- j . (A.5) 



Now, is easy to see that conditions ( |A.3|) have no solution for the superpotential ( |A.2| ). 
On the other hand (A^4), when applied to (|A.2|) and ( A.5 ), are equivalent to 



T1T2T3 = r 4 
T1T2T3 = r 4 

(A.6) 

T\TlT 3 = r 4 
f\f2T 3 = T4 

which in turn imply TjTj £ R. It is easy to see that, if we impose r,- to be pure imaginary, 



we get conditions ( [4.11| ) 



4 In the conventions J dx\ A dx2 A d,X3 A dyi A dy2 A dyg = 1. 
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